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This report., 'Invent.-gltion of Balliut.io Pmt,eotive Haterials for
Ferwunsl Arsor,? is the Tfirst in « asrles pressnting energy sbsciplion
data and ballistio limits for a number of materials. The inveatigation
- ia expected to provide informution on the deaign of composite armor that
R will oombine the promtln qunltuu of &1l materials uud in ths axmor
i . struoture. '

This atudy revezﬂa that the mjanile reta.r‘ding and stopping prepe :'*iea
5P thnse materials tooted varics with the {¥ps of mecterizla and with th
velocity and aize of the dmpacting misaile, Moreover, it has been Iound
that combinations of materials proparly positioned in the armor structure
can provide greater ballistiz protection per unit weight than any single

l waterdial conlalned in tha composite armor.
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The recogeizsd efficecy of armor, as dmmcistrated by the metal Melmet
in World War I, by flyers' armor im World War IY, and by the armor vest in
Xorea, doas not obviatse thc need for providing protection to the ecsibat
soldier against battielield xissilss of sise, volosity and shape diffarent
from thess vhich exn Be drfemted ¥y JressRt e, dreater protesties by
armor, squivaliat %0 resdering lass effestive the amti-personme)l weapons
of the snamy, will result ia saviag additiesal lives asd avoiding or mini-
mising of isjuries, with comsequant maiwtenance of the combat foree.

Exploretory work (QMRAR Command Teshuical Repert CP-5) has shown that
the dsvelopment Of armor providisg a greater dagres of yrotetiion seems
poasibls threngh the \we of armor sasstructioms cmaistiag of WWo or Borw

componsst materials. Several campeaites sf two comnomewts were foumd %e
beve ¥ep Bellistic resistaoce limits grestsr thean that OF silbar CASIGRER:
w sTeal demsity. The Baais suggestad for selsction of maberials

ani thoir ordsr in the armor structure 1s dhat the mist effective retardu-
tics sstsriel be used throvghout the masils-velscity rasge, ss the missile
pAsses Trolm the front to the rear of the armor. Data showing the effect-
ivenegd of materiala ovel a wide ramge of mlsslile atriking wvelecities eand
for a variety of batilafield missiles (or misslls simulators) ure obviowsly
required before arsor constructiona can be designed witk high provection/
woight rtios. o - ‘ ' : ,
This is the first repert in a series frntendsd o Drezent energy ab-
sorption deta and ballistic resisvtencs limits (vio) for a variety of
mutarizis. Publixstion of thaps sata w131 ha maadz 4t fraguent intervals,
evan though the phase being investigated way not have besn completed. in
order to reducs tha dolay in making data available to other Jovernment
activities interested in arscring men and squipoent. I% is hoped that
early releasz of ths data chbtained will beosafit otber lsboratorlies con-
ducting research snd development on armcr, will assist in avolding un-
deairsble duplicetion of effor’, and will infarz the arsor-using emgenciss

of vhat might be expacted in the future.

Appraoved: GEORGHE R. THOMAS, Th.D.
Chief
Chami-aly snd Plastice Division

JAMES C. BRADFORD, Col.. QMU . W. HILLAKD

Comwmnding OFfilcer Chiaf

QM R and E Center Lsboratories Mezheni~el Engireering Diviaglon
A. TITUART HDUNSER, Ph.D. 5. J. YENNEDY, Ph.D.

Sciensific Dixrcotar Chiaf

GH Recsareh & Bpngineering Cowmsand Texii'z Clothing & Footwear Piv.
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ABSTRACT

This report is she first in a serios presenting enorgy sbsoxrpiion
data and ballistic resissance limits (Veg) for a wariely of mtaviale.
Thene data are sxpecied to be wseful in designing composite persmne’.
armor, consisting of %wo or more discimiler components, thet wili have i
a botter protetticn/weight reklo than single-maberial armcr. This )
repors presents fata cbbained vith the .22 caliber, 17 grain T37 frsg-- .
ment simia projeciile for nine mmterials (nylon Miiing, nylon
Tabric, Dorom {a glass fabric, polyester resin lamdnate), glici, poly- !
mathyl methacrylate, aluminum slloys 2024-T3 and 20247k, titantuse 7
alloys A-110AT and Ti-1kCA, ALSBI 301 corrosi~. rusisting stesl and

Hedfield stesl),

Tha dabta Ghom Shat Lhadkh meterinia 4iffar merwadiy in tha aidiia A
iy Lol o stop missiles and G0 retard penetrating missiles. The 1
snarky loat by penehradias mimsiles ddwided by the sread {swmfess) 1
density of the mitarial wvas found t0 ba valaaity-denendent for all p

T MMtAvidla. The relaticnakipe hetween meterials also changed with
miesils striking velooity.

A
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INVESTIGATION OF BALLISTIC PROTECTIVE MATERIALS FOR PERSONNEL ARMOR

INTRODUCTION

Armor worn by the soldier has; genarally, comsisted of a single
rrotective materisl. When more than one meterist hes beep ussd, ihe
resson has been ome of conmvenisnce or ome of uvilizing a specific prop-
erty not obtainable with the material chesen specifically for its pro-
tective characteristics. For example, the non-protective fimctioms
required of the metal helmet ghell and piastic helmet liner, wben used
serarately, have led to the use of two 3issimilar materials. Another
example is that of the comkwination of overlapping metal plates backed
by nylon fabric used in World War II flyer's armor. In this case, the
comfort of floric wes preferred 4o ths discomfort of metal.

Within the last twelve years, several investigators have proposed
and demonstrated that certain specific combinations of materials possess
a higher ballistic resigtance limit or missile. stopping ahili‘a than
single material armor of equal weight per u ' : area. Webster ) in 1945,
on the basis of his experiments; calcuiated that a glass-Doron combina-
tion was superior to either component ard to Hadfield steel as well, in
providing ection againet small aras firs. In 1953, Weinberger 7
Delcellier reported that the ballistic resistance of fabric armor
could be increased by a combination of Pabrics whkich took meximum ad-
vantage of each fabri~'s behavior at different wvelccity levels. A
rractical application of this finding was the use of both nylon and
Fortisan fabri~s in the Canadian ermor west. Aleo, in 1953, Weingr(3)
reported that an improvemert in ballistic resisiance limit was obiained
by selecting, for the front layeis of a febric armor structure, a fabric
highly resistant to shear and, for the rear leyers, a fabric of high
resistance to yarn slippege. In 1955.-1956, Alesi?i) proposed and
demcnstrated, with titanium-nyion fabric and polymethyl methacrylate-
Polyvinyl butyral composites, that armor coneisting of dissimilar mater-
lals ran grester ballistic resistance than any one component material of
equal weight per unit ares;provided tre compoment materials are properly
chosen and positioned in the armor aseembly with rezpect to the direc-
tion of missile approach. The corponents in the front portior of the
armor are selected from materials effectiwe in reducing the velocity of
the missile and the rear components are chosen from waterials effective
ina stopping missiles. In this srmor design, each component opposes the
rdxsile in the velocity range in which i1t is most effective in retard-
ing (and vltimately stopping) the missile,

Energy absorption (missile velocity losa) data for various mater-
ials tested with a variety of battlefield missiles or missile similators
over a wide range of striking velocities are being determined a% the QX
R&E Center to vermit the Z28ign of improved composite aymor. This
reoert 18 one of a series presenting epergy sbsorption and ballistic

1
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resistance (o limits) data chtainsd on single materials end composites.
Data will be sentad in the sexics for tests conducted with saliber
.10, .15, snd .22 fragment stsmlating projevtiles, flechettes (ome or
more type or wal ght,depending upon aveiladility) snd low~weight missiles
of regular .mtr:l% configuration (spberes amd cubas). Tests will be
condwucted at veloaities wp to at least 4,000 feet per sescnd, Materials
vill ba testod in the rangs of arwsl dsnsities suitsdle for persomnal
armor, W,, 10 to M oweces pex squere foot, Thie ruport prosents emergy
sbecrpiicn data and V5o balllstlc resistasce limits dataxmined with the
22 calikex 237 fragasmat simulating projectile for nine msterials tested
singly, This group of materials includes mstals, plastics, textilas and
glnas,
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HATERIALS TESTHD

The materials for which data ars jresexssd in this report are listed
in Table I. :

TABIE I. Thickness and Areal Denaity of Matarials Tested '

Fomdaal
Nomimal Areal Demsity
Haterial Thickness (inches) (ox. mor sg. f£%.) ;
Nylon Armar Fabric (3, 6 & 12 layurs) k.8, 9.6 & 19.2 :
¥yion Batting - 6.5 snd 13,1 :
; Doron 1/8 19.2 and £1,1 :
L Windov Olass 1/8 £33 - 2.0 f
i Marigias IT - UVA i eh.0 - 25,7 !
' Titaniwm Alloy A-110 AT 0.063 £h,0
] Titaniwn Alloy 21-140 A 0.06k .5
! Alumims Alloy 2024 - T3 s £9.0
Alweinue Alioy 2uh - Ti 1/k 57.0
AISI 301 Corromion
Resisting Stasl 0.0k0 25.7 - 26.3
Hedfia1d Steel 0.063 37.9 - 40.0

A dancription of theése maierisla is givan Iin tha fellowing mectlon.
Properties Por soma of thase satarials as satphlished by specifications,
ipdustry standards or by sctual tmate ars giown in Appenddx Al

Nyion Armor Fabrils

The ayiom armor fabilc testad 1s a stacdavd nylon armor fabric pro-
cursd by the Quartormazter Lorps woder Hllstary Spesifilcatlioa HIL-C-
12369(A) (oMY, 31 Janwwry 1955.

The fabric consiruction 1w A 2 by Z basket veavs with two ends
WEATing &R One And TVWE PICKA vewring s ona. Ths warp aond {illing
yarns consiok of flwe pliesr of X210 Zwnter b fllipment nylem finiahed
togsthar with 3 to b Surnm per imch. Tha fibera are 2 high tenaniiy,
bright filament, nyler 66 (polybavsaethylens adipemide).

Q
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MATERIALS- TESTED

The materials for vhich data are resented in %this report are listed
in Table I.

TABLE I. Thickness and Areal Density of Materials Tested

| Nominal
Fominal Areal Density
Material Thickness (inches) (oz. per sq. ft.)
Nylon Armor Fabric (3, 6 & 12 layers) k.8, 9.6 & 19.2
Nylon Batting - 6.4 and 13.1
Doron 1/8 19.2 and 21.1
Window Glass 1/8 23.3 - 26.0
Plexiglas II - UVA 1/% 2h.0 - 24,7
Titanium Alloy A-110 AT 0.063 24,0
Titanium Alloy Ti-140 A 0.06}4 24,5
Aluxinuz Alloy 2024 - T3 1/8 29.0
Aluminum Alloy 2024 - Tk 1/ 57.0
Qﬁﬁ.ﬁ?ﬁﬁﬁﬁiw 0.0k0 25.7 - 26.3
Hadfield Steel 0.063 37.9 - 80.0

A description of these materials is given in the following section.
Properties for some of these materials as estahlished by specifications,
industry standards or by actual tests are given in Appendix A.

Nylon Armor Fabric

Tbe nylon armor fabric tested is a standard nylon armor fabric pro-
cured by the Quartermsster Corps under Military Specification MIL-C-
12369(A) (@), 31 Jamuary 1955.

The fabric comstruction is a 2 by 2 basket veave with two ends
weaviig s one and twoe picks vesving as ons. The warp and filling
yarns consist of five plies of 210-Asntaer . _filament nywlon Siniahad
togethar with 3 to M turns per inch. The fibers are » high tenaridy,
bright filament, nyler 66 (polyhexsmethylenc adipemide).

3
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The physical characteristics of the fabrics are giver below. (Data
from MIL-C-12369A),

Weight per Yarne per Inch Breaking Strergth Ultimate
Square Yard (1bs.) Elongation (%)
(oz.) Warp Filliag Warp Filling Warp Filling
1k.0 k6 ¥o) 850 T75 5 20
Nylon Batting

The nylon batting tested is an experimental product of the E. I.
&uPont de Nemours Compeny, Inc. This is a non-vwoven, nylon fllament
structure prepared as a needled batt. This product is identified as
"nylon non-woven ballistic batt (candidate for helmrt liner)." It was
tested in areal densities of 5.4 and 13.1 ounces per square foot.

Doroa

Doron is the name given to glass febric-laminate armor developed by
the Quartermaster Corps during World Wer II. At present, it refers to a
specific uni-directional giass fabric cross-lawvinated with a thermo-
setting, vosaturated polyester type resin. A descriptiom of this type of
armor material is given by specification MIL-I-17368 (MC) Insert, Body
Armor. Doron of 1/8-inch nominal thickness from two sources was tested
since sufficient material from one scurce was not available. One was
manufactured by the Continental Diamond Fibre Compeny and designated
grade GB - AL. The cther was flat platzs taken from armored clothing
believed to have been produced in 1950.

Glass

Windov glass; cbtained from replacement stocks at the QM R&E
Cormand, wvas tested in a nominal thickness of 1/8 inch.

Polymethyl Methoacrylate

Plexiglas II - UVA, a heat resisiant grade of cast acrylic sheet
vith good resistance to vltra-violet radiation, wanufactured by Rom and
Hass Co., wvas tested in a norinal thickness of 1/k inch.

Titeniva Alley A-110AT

Titanivi Alloy A-110AT is a single-phase,so-called alpha-type alloy
having relatively high strength at elsvated temperstures,with excellent
velding characteristics. It reprecents the first commercicl productica
of a titanimm alley centeiuing an apprecisble quantity of tin.and wes
develored primarily for aircraft structural cpplications. The A-110AT
nlloy also ceshines tougkness, sxcellent fatigus =tr2ogth and high creep
strength at elevated tompsratures, with mackinability.

4
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Titaniwm A-110AT (Hoat Xo. D1-214530) was procured from Rem-Cru
Titanium, Inc., Midland, Pa. by the NMeCord Corp., Dotroit, Nichigan
foxr helmet-formiag evaluations uxdsr Comtract l:A19-.'129-Ql‘.--Zl.'j:l.',.‘:::r\;d
Metallic Alloys for Helmet Applicatioms. It was procured ic M
Corp. ifications rather tham to MIL -X-O09046(ASG). The thickaess
wvas O, ineh, the dsxzity 0.161 1bs. per cubic inch, and the material
vas iz the amnealed comditiom.

Titemiws Alloy Ti-1hOA

Titanium alloy Ti-1hOA is a two-phase,so-called alphes-beta type
alloy bhavimg relatively high strength in the annesled condition, high
temperature stebility and good impect resistamce. Followimg the usual
vattera in titanium alloy development, this alloy is primarily of im-
terest for aircraft. Ballistic interest was hased om potemtially good
ballistic and drawing (helmet) characteristics. Helmet draviag evaliua-
tions, to date, have not confirmed predicted good drawah;lity.

Titanivm Ti-140A (Heat No. M30T73) was procured from Titanium
Metals Corp., New York, New York, by tke Bureau of Ordnamce, Navy
Department. Chemical analysis and mechanical property tests were per-
formed by the Naval Gumn Factory. (See Appendix A.} It was furnished
to the McCord Corp., Detroit, Michigaa for helmet forming evaluations
unéer Contract DA19-129~QM-151, New Metallic Alloys for Helmet Agpli‘ca-
tions. The thickness was approxibmmbely 0.060.ipch,,the-density 0.169 -
1bs, .per cibic itich,. and thé material wms in the;.g;;ngggzed condition.

Aluminum Alloy 202h-Th

Adurdnum alloy 202h-Th is classified as a high-strength wrought
alloy and, ag such, is uijed extensively in aircraft and other struc-
tural applications. In sheet form, tensile stremgth and elongation are
about equal in the transverse and longitudinal directions. It is a
heat-treatsble alloy and, ir this cese, hes been heat treated to cbtain
the T4 temper (solution heat treated and naturally aged to a substan-
tially steble condition). The numeral "4" indicates that the product
has either not been cold worked after heat treatment or appliceble
specifications do not recognize the effect of cold work in flattening
or straightening operations after beat trastmont,

This material wes procurel from the W, S. Army Ordnance Arsenal,
Watertown, Massachusetts for range calibration purpcses. The thickmess
wag 0.250 inch and the demsity 0.100 lbs. per cubic inch.:  While manu-
facturer and heat are not known in this case, it is understood the mater-
ial meets the requirements of Specification QQ-A-355. (See Appendix A.)

Alurinmm Ailcy 2024-T3

The major difference between the 2024-Th and 2024-T3 alloys involves
processing after heat treatment. Th: T3 temper (solution heat treatment
ead cold workad) applies to products tuat are cold worked to increase

5
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strength or to products such as sheet, in which cvha effact on machamicsl
properiies of straightening or flattening after heat tresatment is recog-
nizad iz specificatioms.

This meterisl was prooured from the U. 8. Arxy Ordoeace Arsemal,
Vatertowa, Massachrcostis for ramge calibration purposes. The deasity was
0.100 lbs. per cubic inch and the thickmess 0.125'lkch. While makufaciturer
anéd heet are not mown, this material is understood to meet ths require-
ments of Speeification QQ-A-355. (See Appendix A.)

AISI 301 Corrosion Resisting Steel

AISI 301 corrosiom resisting steel is a chramium-nickel, austemitic
tyre. It is non-magnetic, highly ductile and may be subjected to severe
forming and drawing operatioms. In ths amnealed condition, it has large
capacity for cold work and is similar in this respect to Hsdfield steel.
The AISI 301 type is a standard stainless grade for structural applica-
tiocns as it combines meximsum strength and excellent worksbility with other
desirable characteristics. Strentin is not increased by heat treatment,
but may be incressed from approximately 90,000 PSI to 185,000 PSI by
cold working. '

The AISI 01 steel used for these tests was procured by Comstock
and Wescott, Inc.; Cambridge, Mass. for use in Contract DA19-129-QM-620,
Development of Metallic Persomnel Armcr Materials axd Compcuents. It
was purchased commercially rather tham %o Specification QQ-S-00766 (Kavy
Bureau of 3hips); the heet 1% noct known. Thke thickness was 0.040 4inmch,
density 0.290 1bs. per cubic inch and %he meterial was in the annealed
condition.

Hadfield Steel

Austenitic managanese steel; alsc called Hadfield stezl after its
inventor, is an extremely tough, mon-magnetic steel alloy charseterized
by relatively high strengcth, high ductility, large capecity for work
bardening and excellent wsar resistance. A work hardeming capacity from
about Rockwell BOO (annsaied) to Rockwell 052 is rapcorted. As rolled or
as cast matorial, it is normelly given = "toughening" (amnealing) trest-
mnt by heeting to approximately 1850F ané quemching in water. It is
interesting to note % heativg annealsd or work-hsrdened material
abaove epproximatsiy 5 vill cause ewbrittlewment and impai:=ent of
desired mechanical properiies. The props-tiss of Hadfield stzel axre
epplicsble whers high ghock resistasce, touwgbness and absorptiom of
enargy ars racguired at relatively low velecities, For thia resscn;
Hadfield steel is extensivsly used in suck indvstries as construction,

mining, quarrying, dredgipg, and railroading, where it is imcorperated
in rock crushers; grinding mills, dredge bucketz, railroed frogs, etc.
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The Hadfi~ld steel reported herain was obtained from the U. 8. Arxy
Ordnance Arsensi, Watertown T2, Massachusetis. The thickness was 0.055 inch)
density 0.256 1lbs. per cubic inch and the material vas in the annealed
condition. This steel is understood ¢o be swplus from the World War II
era; amd, although manufaciuring data and heat identificalion are not
availadble, it is undarstood to have been purchased to Specification MIL-
4-12259 {(ORD). It should be noted that Hadfielld steel sheet of rela-
tively light gauges is n-t readily available in peacetime since the only
kuown use of a light gauge material is by the Arxy for helmsts., Ths
U. 8. Army Ordnance Arsenal, Watertown,is presently the only known
source of processed material.
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EXPERIMENTA], METEODS

Instrumentation for Missile Velocity Messurements

The instrumsntation used in tle mesasurement of projectile velocities
consists essentially of two major compcments: (a) two photoelectric-
type destectinr s2veens Jet a knowa distance apart to detect the passage
of the projectile and (b) an electronic interval counter-chronograph
vhich iudicates the period of time required by the projectile to pess
from one screen to the other.

The screens used to detect the passage of the projectiles are Puiter
High Velocity Lumiline screens manufactured by the Potter Instrument Co.,
Inc., Great Neck, Newv York. These screens contain a light source, photo-
mltiplier tubes, amxplifier and output circuits. The action of ke
screens is such that passage of the projectile through the plane of light
falling upon the photomultiplier tube; by decressing the 1ight intomsily,
produces an electrical. impiilse in the output circuit of the photommulti-
plier tube. Following the photomultiplier tube are three stages of am-
plification which serve to raise the signal level generated by the photo-
tube to a value sufficient to trigger the output signal. A thyratron
discharge circuit comprises the output and supplies a positive pulse of

epprogimetsly 80 vcltas to the chyonograph.

The Potter Counter Chronograph consists of a power supply, gating
circuilt, counting circuitis,and crysteli=controlled oscillator. that emits
a continuous train of pulses, with an accuracy of several parts per
million, to the counting circuits through a gating circuit. The pulse
from the output of the first detecting screen electrically opens the
@ating circuit; thus directing the oscillator pulses t¢o the counting
circuit. The counting circuits continue to receive and record the
pulses until the impulse from the output of the second screen closes
the gating circuii and terminates the counting action. The counting
circults comnsist of decades of multivibrators which register the time
period. on the face of the chronograph by means of lighted neon bLulbs.

The average va=lucity ("instrumental velocity” ) of the projectile
in traversing the distance between the light planes of the two screens
is calculated by Jdividing the time registezred by the chromograph into
this distance.

Correction wae made for the reduction in velocity of the missile
laiuired a8 a resull oi air reilardation in traversing the disvance from
the midpoint of tbhe screen system tc the target. This correction was
heaed rm flight characteristics ~i the .22 calider T37 fragment sim-
lating Jectile previously determined in the Center’s ballistic
range.( The drag ccefficlent values and the equation used to calcu-
late velocity at the target are shown.by the followlng equation:

CONFIDENTIAL
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V= % (1 - kxe)
Vhere V = velocity at target, feet per second
d = distance between scresns, feot
t = time for projectile to travel distance 4
(time recorded by chromographs), seconds
$ = "instrumental velocity"
x = distance between midpoint of screens and
target; feet
e = air density (assumed to be umity)
k = drag coefficient (varies with velocity
= as follows):
Velocity, feet

)4 _per seconda
0.0028 790
0.0033 800
0.0038 500
0.0043 1000
0.0048 1100
0.0050 1150
0.0053 1210
0.0055 1300
0,0055 above 1300

V5¢) Ballistic Resistance Limit

The Vg ballistic test method, as used tc evaluate nylon armor
fabrice for acceptance; was followed. This method 1z fuily described in
Az endix B of this report. The diagram in Figure 1 shows the equipment
arrongement for determiniliy, ¥50 ballistic resistsnce limits and missile
velocity loss data. Typical operating distances beiween elements are
2-1/2 feet betwean screens, 2-1/2 fset between the target and the nesrest
screens, and b to 6 feet between the gun snd the first screem. This
method of ballistic evaluation determinss the velocity at which “here is
a 50 per cent statist!cal probability of the armor defesting the immact-
ing missile. . -

Enex:b Absorption

The ensrgy sbscrbsd by a material in retarding a miesile pessing
through it vas assuned to be equal to the loss ia kinetic energy of the
misgile. Pairs of lumilicsiscreens were installed in fromt of and be-
hind the target material in order to dstermine ths velocity of the mis-
sile befora and after penetration. The missile kinetic enargy loss wes
calculated from measurementsz of the striking and -e=zidua’ velocities of
the missile &nd is equal to +hs rroduct of one-haif the walght of the
missile end the difference in the squarss of i striking and residual
velocities (aszsuming no change occurs ir the wright of the rdsmsile).

i |
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Tha enargy Alvided by the areal {surface) density of the material,
vhan plotts4 sp a function of the striking velocity, snables cexparisonms
4o be mis betvesn mmbterials of different sareal densities. The sxergy
shaorption (mimsile kinetic snergy leoss) Aivided by ths arsnL Mlity
of the material is expressed as grains times n.g/uc. /u. -

Test )

The alw of tes' sumples for most mmterialr tested vas approximately
12 3t 15 inches and mounied in a frams fesing the gun. Thres clamps on
each of the vertical (12-inch) sides held the material firmly in the
frame Quring firing. Individual firings wvere spmesd at two-inch inter-
wals an the test mtarial hy moving tha frame in either a lateral or
vertical direstion. Ip eases vhard 4he sample sise was approximately
12 x 12 imehes (;—otthm),mlikmhunmm
fraimib &V the fhrwe aide aivems apd Tpe mSteas afSa asop Lo332 -,._.; 2
bay and two clamps, Thwlonium!tor%chnnﬂﬂlnﬂu
wan thraa-imed ssware, Phasc SgwEles Weis Beid Ao & mital irese with
twilve openings E-ﬁ/h ¥ 2-3/k innhes, Mihher smakatins gromwed saock i
opiming was uasd to hald the yquares. 'rh.tamsia"uelmiinth'
target frame in the same fashics as the 19 ¥ 1% fnsh eamples,

s LS

i[‘l

The arval (surface) dansity determinations of the textile fabrics
waxe made by veighing two-inch die-out squarss in an analytical balance.
The areal densi.ies of metellic asd plastic materials vere dstermined
Ry ve the test panel to 1/8 oumes and measuring its length amd -
widsh t0 1/32 inch. Thicknass of nlplu {(sxcept for fabrics) was mess-
urs|l to 0.001 inrb by & micrometer cr dial gmuga thicknesa indicator.

Teat rroie—-m ciie apd 4w

All bellimiic teasting waa carriad out with the .22 cpliber, 17
grein fragment simiatar. A skeich o« tikie projestile 18 shannn in
Aprendix B, This projectile was firad by .22 caliber rifles: o U, 8.
Apringfiald Arpory Mi92Q HZ was uasd o the weionity range up to spproxi-
mtely 2000 feet per sacond and a Winchaatsr Model L3 Jornat was used in
the raogh of 2200 to KODD fost per mecond. The ~iflasz, with the stocks
rewoved, vere Iwid by a spiit-cceliar arvangemsnt rigldly mounted on a
supporting Lable.

11
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RESULTS

The results are presented in graphical form as Figures 2 through
1l. The first eight graphs present the individual results for each
valid round with the energy absorbed (loss of missile kinetic energy)
divided dy the aresl density of the materisl plotted against the mis-
slle-striking velocity. Figure 10 shows nine curves reprezzating the
individua) =zalerials plotted in the same fashion. Figure 1} shows
curves of 750' ballistic resistance limits vs. areal density for four
of the nine materials repo  herein. These were taken from
Aberdeen Proving Ground data.(6) Superimposed on Figure 10 are indi-
vidual V ballistic resistance limits obtained for the materials
used in energy absorption tests.

The degree of scatter indicated in Figures 2 through 2 is not
uniform for all nine materials. Nylon fabric and the titanium alloys
show greater scatter than the other meterials. The region of high
ecatter for the titanium allcys appears to be confined to the striking
velocity range of 1800 to 2400 feet per second. Some possibla causas
of scatter are:

a. Non-homogeneity of material (e.g., a woven fabric struc-
ture may not have the same number of yarns struck each time by a
missile)

b. Error in calculated velocities due to change in drag
coefficient as the result of mizsile deformation. Extensive missile
deformation was noted in the case of glass, titanium alloys and Had-
field steel; no deformetior was produced by the cther materials.

¢. Error in calculated velocities due to premature trigger-
ing of screens by armor fragments. Missile impact produced armor frag-
ments to some degree for ail muteriais except nylon fabric; nylon
batting and Doron. Numerous fragments were produced upcn all impacts
vith glass and Plexiglas. A cylinder was punched out of the aluminum
alloys with each round fired. 1In the case of the titanium alloys,
stainless steel and Hadfieid steel, the tendency wes for the metal to
petal. i.e.; the impacted area, deforming %o tbe rear, tore into
several sections but remained attached to the sheet. Hovever, “petals”
vere ejected very cfisn from the titanium alloys and stainless steel
sheets and infrequently from the Hadfield steel. Prior work comnductad
with lightweight materiales placsd in back of the target meteriais to
"filter oul" the armor fragments showed that the energy absorption
characteristics obtained with and without the "filters" were the same.
Results for individual ro>unds which wers obviously erronaous {attributed
to premature scresn triggering) vere discarded. Only a small number of
such results were cbtained.

The ure of the ratio of emergy absorbed to the areal density instead
of energy absorbed appears to reduce the results to a coamon basis

14
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regardless of areal densiiy, since tke results for the sams material
tested in differunt aresl densities appear to be the same. (See
Figures 2 and 3 £or nylon cloth and nylon batting.) This raiio's
apparent independsence of areal density wili be further investigated.

The energy adbaorption per unit aresl deunsity varies with striking
velocity for all materials. FPigurelD shows that the shape of the curves
are, to varying extents, ccucave upwards excspt Zor iths linear relation-
shipe plotted for Hadfield and stainless stesls. Two materials show
minima (nylon fabriec and nylom batting). %  -ost effective energy
absorbers at the lower end of the velocity range standard (below 1600
feet psr second) are nylon batting and nylon fabric. The batting i=
distinctly superior to the fabric at low velocities, equivalent at
sbout 1700 feat per second and only slightly superior at higher wvelo-
cities. In the;intermediate velocity range of 1600 - 2600 feet per
s,cond, the titanium alloys are the best materials ecvaluated. Above
2600 feet per second, glass is the bsst energy absorber. Extrapolation
of the curves Leyond LOO0O fest per second indicates that additional
crossing of the curves may occur and that nylon batting, aluwinum 2024
and Plexigias IT-UVA may be among the best energy-absorbing materials.

The V5o ballistic resistence limits for the nine matericls ere
Plotted on Figure 11 which also shows V50 ballistic resistance limits
vs. areal density curves for four of the nine materials. (A11 V
limits shown are for the .22 caliber T37 fragment simulator.) Of the
four materials, the observed V:zn 1limits for the aluminum alloj= and
Hadfield steel fall slightly above the curvez representing the Aberdsen
rroviag Grouna aata. A compariscz of tue four curves shows that, over
the areal density range of 10 to 60 ounves per scuare foot, alumioum
2Rl-318 distinctly inferior to the other three. Hadfield steel ap-
proaches Doron ard nylon febric at about the miidle of the areal density
range. Nylon fabric 1s better than Doron below 36 ounces per square
foot; Dorom 1s bstter above this areal density. Nylon batting is
s8lightly better than nylom fabric. (Two V59 limits of 1073 and 1016
feet per second for an areal density of 6.% cunces per square foot ars
not shown by Figure 11.) Stainless steel 301 is intermediate betwssn
Hadfield steel and aluminum at the one areal density shown. Titanium
alloy Ti-1k0A at 24.5 ounces pes square foot has a V5o limit approx-
mately equal to that of nylon fabric. Titanium alloy A-110A4%® is ic-
ferior to nylom fabric at 24.0 ounces per squars foot. Plexiglas II-
UVA hes a Ve limit at 24.5 ounces per square foot approximetely equal
to that of ggmnimm 202%-T3 end 2024-Th. Glass haas a very low V5o
lizdt of 392 feet per second at an areal density of 26.0 ounces per
square foot (not gshown on Figure 11)..

Materials tbat have high ballistic resistance limits and high
energy avsorvtion (somewhere within the areal dsmsity and striking
vzlocity ranges studied) are nylon cloth, nylon batting and the
titanium alloys. Gluss is & material with an exceptionally low V50
limit dut highk energy ebsorption.

CONFIDENTIAL



PR o e — < —

doreTomyg Juenlely uTwIn LT ‘Zrt JeqTIe) d0J STSEeYeR Jowry jo ucTidiosqy SBzeag Q7 sJAPYy

(2P6r2E)  ALIICTBA  BIXE:INL5

o _orpy oops Gopt copr  sopr pe OupE  uopl sl WM top:  oqei oonl ogei  0dz 0G0 %3 59

reg:

El
3!

LS LURHT TR,

m
| R
H R

- R
Jaikg

¢ AN




CONFIDENTIAL

The three most effective
energy absorbing materials
are well suited as components
in composite armor since each
material is most effective
over different portions of
the missile velocity range.
Titanium alloys, glass and
nylon textile materials will
be tested in two- and three-
component systems to determine
combinations that. are more
effective than single materials,
To obtain optimum ballistic
resistance characteristics in
armor, each component, ac-
cording to the present concept
of composites, must be selected
and positioned sc that it op-
poses the missile in the
velocity range where it is
the most effective missile~
|aman ar e, 112 oot retarding material., For
] I Lo example, by reference to
o $E0S et 1o cxree 7o Figure 10, if the missile to

‘\ﬂ“ 0 S-ALUMINUMN, 2024-T4, STO OZ/80 *Y
4-8LA89, 30.0 OL/3Q FY

& Cemne, T e e be stopped has a velocity of
i e Bt s ene 2000 feet per second, the
e components selected would be
TETROE WS e M T Y a titanium alloy positioned
e in front and nylon batting

in the rear of a composite.

® ewou aBtsOCEN TEST RERORT
AD-1190 24 FLRRUARY 1984

V=30 BALLISNC LIKIT (FI/8€C)

Figure 11, V.4 Ballistic Limit of

Armor Materials for Caliber .22, 17 Tha proportion by weight

Grain Fragment Simulator of each component in a com-

posite system can be approxe

imated from ensi1gy absorption data by caleunlating: (1) the smciunt of the
front component required to reduce the striking velocity of the missile
to the velocity where the ene absorption curves for it and the adjacent
component material intersect,r?g) the amount of the intermediate components,
in the same manner as the front compenent using the reduced missile
valocity as the striking velocity for this component, and (3) the amount
of the rear componer.it required t. reduce the missile velocity to zero.

Tests to verify synergistic etfacts and component weight proportions
of composites will include V., ballistic resistaice limits and onergy
absorption determinatione. ége results of thess tests will be reported
in the near future,
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AFPENDIX A -

PROPERTIES OF MATRRIALS

Titanium Alloy A-11OAT

As 8Specified in

Ren Cru(b)

——

Chem¥eul Composition  NIL-P-0090k6(ASG)(a)
Aluminum k.0 - 6.0 k.6
Tin 1.5 - 3.5 2.7
Iron 0.20 Max.
Cazbon 0.10 Max. 0.10
Nitrogen 0.070 Max. 0.06
Hydrogen 0.0175 Max. 0.0148
Oxygen 0.20 Max.
Other 0.80 kax.
Titanium Remainder

(a) Military Specification MIL-T-009046(ASG) Titanium Alloy, Sbeet and

Strip.

(v) Rem-Cru Titapium, Ine., Midland, Pa. certified analysis.

Mechanical Properties

Tensile stieugin (PSI)

Yield stremgth (PSI)
(.26 offset)

Elongation (%)

V Notch Charpy Impect
ft-1b . at 75Pp,
ftelb . at -hoCp,

Hardnesz (Rockwell C)

Fuotrnot»e on next page.

As Specified In

MIL-T-009046(ASG) (a) Rem-Cru(d) T _1ca1 c)
120000 Min. 136,000(b) 125000
110000 Min. 132,000(b) 220000
10 Min, 17.5 18

19
18
X -3




(a) The minimum diffirence betwsen ultimate tensile strungih azd jleld
strength shall ba 10000 PSI.

(b) It wil) be noted that the material does not meet the minimum differ-
ence of 10000 PSI between tensile and Yield.strength,

A

(¢) Rem-Cru Titanium, Inc., Midland, Pa.
(4) Rem<Cru certified tests.



Titanium Alloy Ti-1M0A ,
As Bpecified In Naval Gun

ol Gaporitie (WD Asirsenlt
Irom 1.0 - 2.5 C1.96
Chromd um 1.0 - 2.5 1.72
Molybdenis 1.0 - 2.5 1.95
Carbon 0.20 Max. 0.06
Kitrogen 0.70 Max.

Hydrogen 0.0150 Max.
Oxygen 0.20 Max.
Others 0.80 Max.
Titanium Remainder

(a) Mlitary Specification NIL-T-00906(ASG) Titanium Alloy, Sheet
‘and 8trip.

{b) See Ssction Materials Tested.

As Specified In TNaval Gun

MIL-T-009046 FPactory
Mechanical Propertiec ~ (a88)(a) Tests (b,c) Typical (d)
Tensile strength (PSI) 12G,000 kin. 148000 1- 13Q000 -
148000T - 15Qp00

Yield Strength (PBY) 11000 Min. 136800 L- 129000 -
(.25 oftset) ' 133800T 133000
Elongation (%) 10 Min. 1h.5 L- 12.5T 12 Min.
V Notch Gharpy Impact:

ft-1b . at 75°F. 22

ft-1b . at -40°F. 18
HBardness (Rockwell C) 30-34

(a) The minimm difference between ultimste tcnlile sirength and yield
strength shall be 1Q000 PSI.

(b) It will be noted that this materisl does not meet the minimm
differerce of 10000 PSI between tensile and yileld.

gc) L = lcogitudinel T gz tracsverse.

{a) Titenivm Metals Coip.. Mev Yoxk, Hew York.
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Alwmirws Alloy S02k-2h

Chemical’ tion
Magnesium
Coppex
Nangaiise
Chromir'm

Silicon

Zinc

Others (each)
Others (total)
Alvminum

As Specified In

=f a
102 - 108
3.8 - k.9

0.3 - 0.9

0.10 Max.
0.50 Max.
0.50 Max.
0.25 Mex. -
0.05 Max.
0.15 Max.
Reminder

(a) Pedaral Specification QQ-A-355 Aluminum Alloy (2iS), Plate snd Sheet.

Mechaniceal Proparties

Tensile strength (PSI)

Yield strength (PSI)
(.25 offset) ’

Elongation (%)

V Notch Charpy Impect
ft~1b . at TF.
ft~1b . at -10p.

As Specified In

R-A-355 ical({a
hqcbo Min. 48,000
)2 Min. 20

12
12

(2) Metals Handbook, American Society for Metals, 1548.

3



2 .

|
1
i

Aluminum Alloy SORM-¥3
(AR
rm
Hechantoal Jreperties
Tonaile Fhvingt sk {rar)

Tield (v81)
{. 2% offewt

lhn‘lunl (%)
V Nokch Charpy Inpiot
To-ibr . -i o2 B

ﬂ-—lb.stm

' i
As Bpesified In _ :
= Typioal(b) !
i TR i
. i
l‘qm oin, m
”
R B

(l.] !‘niiinl thtm m—A-IlS um u.:l.q (ahg), Plabe s

{b) m m,

luwmm. w




AlSl 3. Corrosiom Resieting Steei

As Bpecified Ta

Cartom 7 0l Max. 0.08 ~ 0.20
Fiviesd - S . 6.0 M. 6.00 = 8.00
Chrontwm " 16,00 Mia, - 16.00 - 18,00
Mangansse | 2.0 Max. 2,00 Max,
LIETPEN | 1,00 Max, 1,00 dx,

S rw,mg-_-;m: qm.gm:a;-
mm**wmmsm-mm,mmem

i ofa.s-.,x, ﬂh.s- :
. e umﬂn. ;
Pansile utrength (PHTI) 75,000 Min. 9,000
Yisld strengih (POI)
(0.2% cffset) - k0, 000
Klongation (%) - 50 Min, 50 .
Yardness (Rockwall B) 9k Max. 85
Keyhole Notehr Clwarpy Impact
=10 at T5°F, to -MOOF. - 6p-92 (approx, )

(=) Republic Reduro Btainless Stesi Handi:ook, Repwblic 8tesl Corp.,
Cleveland, Chin. -

<




ks e R Tt e T W

Sedfield Otesl
Aa Specified In

Giwaical Uomponition : NIL-A-13259(0RD) (a) :
Caren : 1.29 - 1.%0

Nenganese : 12 - 15 ]
Bilisen D 0.55 Max.

Prosphorows | 0.08 Xax.

ulfur : 0.4 Max.

(q military Spseifieaticn m-aaxw () Arwer, Shewt and atap, ]
‘Btasl, Rellad, Feu-Nagoatic; Fer Hslmabs sad MAM Reanirements .

. Tematla gtelogty (ETY . o ‘_,-wﬁ,ﬁ; T B
Teald stremgth (P8I) 50,000 - £7,630 '
Xiongsticm (§) W-60 o
Roswttonwres (§). mew |
Hardness (Raekvul.{ B) B | 85 - 93 |
¥ Fotch Charpy Impact ]
fr-r at T5PF. 90 - 150

() Matals Handbook, American Sooiety for Metals 1948. (Appliceble to
1-inch rounds.)

MOTE: The Quertcrmaster RAE Cooeand plans 1o perfore chemical anslywes
and machsaical propsriy tests on metisls 22 a genaral pronzdura in
thi rutwre. PFacllitvies to perform the aszsljows wara not completed
at the time this report was amsesbl~d.




APPENDIX B

TEST METHOD FOR V5o BALLISTIC RESISTANCE LIV

Bollistic Limit. The bellistic limit, V50 in feet per second,
expresses the perforsmnee of armor in resisting penwetration of ballistic
missiles. The V5o limit is the calculated wvelccity of the test projec-
tile at which the probabilily exisits that fifty per cent of the projec-
tilas will completely penetrate the srmor and that 50 ner cent of the
Projectilee will be stopped or dsfeated by the armor. A complete pene-
tration occurs wher a test projectile passes through the test paucl and
mekes & hole in a witness plate behind the test penel. A partial pene-
tration, which is a defeat of the missile, occurs when the test projec-
tile @ither is stopped by the test panel or passes thrcugh the test
ranel but dces not make a hole in the witness plate.

Test Projectile. The test projectile shall be the caliber .22
T37 fragment simmlator (see Figure 12). The test projectiles shall be
segregated into classes on the basis of flsnge diameter with measure-
ments made to 0.001 inch. All testing on one panel shall be limited to
onec size of projectile.

!TiE‘ of Test Projectile. The gun and auxiliary equipment sup--
rlies (cartridge cases, wadding, propeilent, veighing equiyment, ete.)
utilized in the firing of the test projectile shall permit the firing

of the test projectile at approximately the welocity selected for each
round. Propelient shall bé weighed to 0.1 milligram.

Jistance and Time Measuring !gg_i_%t and Methods. Equipment and
the method used to raine distances (between observation points and
tests panel target) shall be accurate to 1/16 inch. Bquipment and '
method used to determine time required for the projectile to travel from
the first cbservation point to the second (Lo determine velocity of pro-

Jectile) shall be capeble of accurate measurement to 0.01 millisecond.

Witness Plate. The witness plate shall be & 0.020-inch thick sheet
of 2C24-T% alumimx slloy placed six inches behind arad parallel to the
test panel.

thod. The ballistic test is conducted in such a manner so as to
obtain a sufficient musber of rounds within a narrow velocity range and
with partici penetrations alternating with complete penetrations. The
first round is loeded with an amount of propellent sufficient, from
prior experience, to result in a projectiile velocity approximately that
cf the V5o ballistic limit spscified for the material. If the first
round resulis in a complete penetration, load the second rcund with
slightly less propellent to produce a slightly lower projectile velocity

%
#Extracted from Specification MIL-C-123698, Cloth Nylem, for Asmor,
dated 11 Beptember 1957.



in an attempt to obtain a partial penetration., If the first round re-
sults in a partial penetration, load the second round with slightly more
propellent to produce a slightly higher velocity in an attempt to obtain
a complete penstration. Continue testing using this up-wd-down method
(up on a partia) penetration and down on a complete penetrstion) until =
sufficient number of complets and partial penetrations have been obtained
to permit the calculation for ballistic limit, Vso.

Csloulatiopns. The V5o limit for each test panel shall be the
average cf the velocitiss recorded for ten fair impacts consisting of the
five lowest wvelocities recorded for complete penetration and of the five
highest velocities recorded for partial penetration provided the spread
for the ten velociti s used is not greater than 125 feet per second. In
cases where the spreud is greater than 125 fest per second, the Vsq
limit shall be the average of fourteen fair impact velocities consisting
of the seven lowest complete penstration velocities and of the seven
highest partial penetration velocities., All velccities used in these
calculations shall be striking velocities calculated at the point of
initial contact with the test panel, The value of the test projectils
drag coefficient used in the striking velocity calculation shall be that
determined by the Ordiiance Corps. A fair impact results when an unyawed
projectile strikes an unsupported area of the test sample at a distance
of at least two incihes from the edge and from any other point of impact.
The Vg 1imit for the lot shall be reported as the average of all panels
tested from the laot,

NOTE: An example of test equipmsnt and operating procedures is
given by the Aberdeen Proving Ground report dated 1 April 1953, with
revisions, "Operating Procedure for the Ballistic Acceptance Testing
of Vest, Armor, M52-3A and Sim -ar Materiel with Projectile, Pragment
Simulator Caliber .22 T37."

ADLUST LENGTH To e
SECURE INUICATED  —ta——a—2350 APPROX. —ud
WEIGHT

~f3stt
j—_ 0257 .08

C 29-31, weight - 17.0 § .5‘::5228 » teel 1020 Ttockwsll
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